Abstract The effect of temperature on the corrosion behavior of 3003 aluminum alloy in ethylene glycol-water solution was investigated by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques. The surface characterization was observed and determined by scanning electron microscopy (SEM), atomic force microscopy (AFM) and energy dispersive spectrometer (EDS). The results demonstrate that the anodic aluminum dissolution and the cathodic oxygen reduction were accelerated by the increased temperature. However, as temperature was over 60°C, the solubility and concentration of oxygen decreased, resulting in the inhibition of cathodic reaction. The cathodic reaction rate of 3003 aluminum alloy rose to the maximum at 60°C. The Warburg impedance in Nyquist diagram diminished and then was replaced by a negative capacitance caused by the absorption of intermediate corrosion product on electrode. On the other hand, after potentiodynamic measurements, 3003 aluminum alloy suffered pitting corrosion. The dissolution of aluminum alloy around secondary phase particles expanded both horizontally and vertically.
Introduction
Aluminum alloys are increasingly used in aerospace industries owing to their excellent properties of high strength-to-weight ratio and good formability. [1] [2] [3] For example, the heat exchangers on the aircraft' AC modules are made of the aluminum alloy rather than the other two types of commonly applied materials: the copper alloy and the stainless steel. However, aluminum alloy corrosion occurs and is a major problem in the cooling system of aircraft engine block. [4] [5] [6] It is due to a wide temperature range and complex components of coolant to which the aluminum alloy is exposed. [7] [8] [9] The appropriate physical and chemical properties of heat coolant have been required to prevent malfunction of cooling system. [10] [11] [12] Mixed with water, ethylene glycol is a popular coolant in heat exchanger 13 , because of its low cost and excellent freeze and heat-protection over a wide temperature range. [14] [15] [16] [17] The main composition of a conventional coolant consists of 30%-70% (by volume) ethylene glycol and some corrosion inhibitors. [18] [19] [20] Common heat transfer fluids show a low aggressivity, unless pollution or high-temperature exposure (degradation) occurs. 21 Coolant in the aircraft heat exchanger is always contaminated with chloride ions. In the presence of Cl À , the corrosion resistance of aluminum and aluminum alloys decreased significantly and severe pitting corrosion was observed. 22 3003 aluminum alloy is considered as an advanced material for manufacturing aero heat exchangers. [23] [24] [25] [26] It has complex microstructure containing intermetallic particles and impurity precipitation in the aluminum matrix. These particles and precipitation can be either cathodic or anodic with respect to the matrix phase. 27, 28 Such complexities have made it challenging to understand the corrosion of 3003 aluminum alloy in cooling systems at different temperatures.
There were a few works in the study of corrosion of aluminum alloys in aqueous ethylene glycol solutions. 29 Liu and Cheng 30 found that the oxide film formed on aluminum depended on the dissolved oxygen in the solution. The cathodic reaction is dominated by the oxygen reduction in aerated solution. 31 In the absence of oxygen, the main cathodic reaction is either reduction of water or reduction of ethylene glycol. 32 However, few of them focused on the effect of temperature on the corrosion behavior of 3003 aluminum alloy in aero coolant systematically. It can provide useful data for material protection and design. In particular, the change in temperature may make a big difference to the inhibition effect of inhibitor. Therefore, it is necessary to study the effect of temperature on the corrosion behavior of 3003 aluminum alloy in the solution.
The present work studies the corrosion and electrochemical behavior of 3003 aluminum alloy in chloride-containing ethylene glycol-water solution at different temperatures by various electrochemical measurements, including corrosion potential, potentiodynamic polarization, cathodic polarization, electrochemical impedance spectroscopy (EIS). The geometrical parameters of pits are measured and analyzed. The surface morphology of aluminum electrode is characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The chemical composition is measured by an energy disperse spectroscopy (EDS) combined.
Experimental procedures

Electrodes and solutions
Test specimens were cut from a 3003 aluminum plate into cylinders of 10 mm diameter, with the chemical composition . Electrical contact of the specimen was made from the rear by spot welding a cooper lead on to the back of the specimen. The non-working surface of the electrode was sealed in an epoxy resin. The exposed surface of each electrode was finished by wet-grinding with a series of emery papers from 400 grit to 5000 grit and then cleaned thoroughly with alcohol acetone and deionized water in turn. The base solution was a mixture of 50% ethylene glycol + 50% deionized water + 0:1 mol Á L À1 NaCl, simulating the aero coolant and the potential chloride contamination. Tests were performed at temperatures ranging from 30-80°C, consistent with the typical operating temperature in the aero cooling system. The test temperature was maintained through a water bath controlled by a thermoelectric couple. All solutions were made from analytic grade reagents and ultrapure deionized water.
Electrochemical measurement
Electrochemical measurements were conducted on a three electrode cell with the test specimen as working electrode(WE), a platinum as counter electrode (CE) and a saturated calomel electrode (SCE) as reference electrode (RE). Prior to electrochemical measurement, the specimen was immersed in the static solution for 3 h in order to obtain a steady corrosion potential. Open-circuit potentials were monitored prior to any polarization or impedance measurements.
Potentiodynamic scans were performed at a positive direction from À0.8 V(vs. SCE) to À0.45 V(vs. SCE) with a scan rate of 30 mV/min on Princeton 2273. Polarization stopped when the anodic current density exceeded 0.01 mA. The values of corrosion current density (i corr ), corrosion potential (E corr ), anodic and cathodic Tafel slops (b a , b c ) were fitted and calculated through a Zview analytical software. Cathodic polarization was carried out by sweeping from À0.6 V(vs. SCE) negatively to about À1.3 V(vs. SCE).
All the EIS measurements were conducted at open circuit potential on CHI 660E (Hua Chen instrument corporation, Shanghai). Impedances were characterized over the frequency range from 100 kHz to 10 mHz, with the AC signal amplitude being ±10 mV(vs. SCE). Equivalent circuit modeling was performed using ZsimpWin software.
For each temperature, at least three parallel valid samples were tested to ensure the reproducibility of the results. The sample data closest to the average level was the final data used in analysis. Al the tests were performed open to air without agitation of the electrolyte.
Surface characterization
After potentiodynamic polarization, the 3003 aluminum electrode was removed from solution. Before AFM measurement the sample was cleaned by ultrasonic bath for 10 min to get rid of corrosion product, rinsed with deionized water and dried with cold air for atomic force microscopy (AFM) analysis. AFM analysis was conducted on a Veeco Dimension Icon operating in Tap Control mode under ambient conditions in air at a scan size of 30 lm Â 30 lm to provide detailed topographic information. Images were analyzed by the AFM NanoScope Analysis software, version 1.40. And then a layer of gold was sprayed on the surface of the electrode to enhance the electrical conductivity prior to SEM (scanning electron microscopy) characterization conducted on CamScan3400. The morphological features of different regions of the electrode were characterized by SEM at 2000Â magnification. Then, the total number and physical dimensions of pits located in the microscopical view were recorded without repetition. The number of pits was counted on the visual field of the microscopy. We chose ten visual fields of microscopy randomly on each sample under the same magnification, recorded the number of pits on it, and then calculated the number of pits on per mm 2 Elemental composition was measured with a combined EDS (energy dispersive spectrometer) instrument.
Presentation of results
Polarization curve measurements
The corrosion potential of the electrode increased at first and then fluctuated around À0.58 V(vs. SCE) with the immersion time. Fig. 1 shows the polarization curves of 3003 aluminum electrode measured in the test solution at different temperatures, and T is temperature. It is seen that 3003 aluminum alloy would not be passivated in the ethylene glycol-water solution containing 0:1 mol Á L À1 NaCl. With the increase of temperature, the corrosion potential of aluminum decreased and anodic dissolution current density increased. Cathodic current density increased until the temperature was up to 60°C, and then decreased as the temperature reached 80°C.
The electrochemical parameters, including corrosion current density, corrosion potential, anodic and cathodic Tafel slopes are fitted and listed in Table 1 . Fig. 2 shows the cathodic polarization curves at various temperatures. The characteristic of cathodic polarization curves are similar. The reductive current density decreased rapidly with the positive shift of potential before the curve revealed a knee point after which an approximate plateau showed. Cathodic polarization curve was divided into two parts by the knee point. The part of cathodic curve at potentials more positive than the knee point has been demonstrated in Fig. 2 . We deal with the part of cathodic curve at potentials more negative than the knee point. With temperature increasing, the reductive current density increased. Moreover, the knee point shifted positively as temperature increased. Fig. 3 shows the Nyquist diagrams of 3003 aluminum electrode in the aerated test solution at different temperatures. It is seen that in the high-frequency range, all the impedance spectra had an identical characteristic that a depressed semicircle showed and the diameter of the semicircle decreased with the increasing of temperature. In the low-frequency range at temperatures of 30, 40, 50°C, the measured EIS plots were typically featured with a diffusive tail, a relatively straight line, and became less straight at 60°C. The diffusive tail of the impedance spectra was replaced by a reversed semicircle at low frequency when the temperature rose to 70°C and 80°C. Furthermore, the diameter of the semicircle decreased with the increasing temperature.
EIS measurements
Surface characterization
Figs. 4 and 5 show the SEM images of the surface morphology for 3003 aluminum electrode before and after potentiodynamic polarization in the tested solution at different temperatures. The pits were in rounded or elliptic shape. Some of the pits were filled with a particle. A number of particles shaped of stretched ellipses were also observed in the aluminum alloy substrate. The element composition of the stretched-ellipse shaped particle was measured as shown in Table 2 , demonstrating that they were secondary phase particles rich in copper and manganese. The number of pits and the size of pit mouth width at different temperatures are shown in Figs. 6 and 7, where P is the percentage of pit mouth width at different temperatures. With temperature rising, pit number tended to decrease, while the pit mouth width increased and pit size distribution was inclined to be scattered.
Topographical changes were qualitatively characterized by AFM three-dimensional (3D) and two-dimensional (2D) images. The 3D and 2D AFM topography images and topographic line-scans through the second phase and the pit are depicted in Fig. 8(a)-(c) . Fig. 8(a) depicts the 3D AFM topography image; Fig. 8(c) shows the topographic line-scan results of Fig. 8(b) , where H is the coordinates of the vertical direction and L is the coordinates of the horizontal direction of the linescan. In the 3D image, small hills were present in the places of secondary phase and inverted hills were present in the places of pit. The depth of pits were recorded and 20 pits on the aluminum electrode were recorded at each temperature. The results are shown in Fig. 9(a)-(f) . The depth of pits increased Figure 6 Pit number on the surface at different temperatures.
Effect of temperature on corrosion behavior of 3003 aluminum alloy in ethylene glycol-water solutionwith the increase of temperature. Pits showed a trend of expansion.
Discussions
Effect of temperature on corrosion reaction
Generally, the electrochemical corrosion of aluminum alloy in a near-neutral aqueous solution in the presence of oxygen is characterized by Cathodic reaction:
Anodic reaction:
In the presence of oxygen, a layer of aluminum oxide film is formed on aluminum surface. Upon the addition of ethylene glycol in the solution, ethylene glycol would be reduced and an aluminum-alcohol can also be formed:
The aluminum-alcohol is formed when the oxygen is insufficient. 30 In the absence of oxygen, the main cathodic reaction is either reduction of ethylene glycol by Eq. (4) or reduction of water:
Therefore, the resultant film would be a mixture of aluminum oxide and aluminum-alcohol films. fluctuated around a specific value, indicating that the film formation and dissolution achieves an equilibrium state. 33, 34 It is seen from Table 1 that the increased temperature shifted E corr negatively. In general, a more negative corrosion potential indicates a more active state. The electrode became more vulnerable to the test solution with the increased temperature, which is associated with a higher anodic dissolution trend. With temperature rising, b a decreased from 45.9 mV (vs. SCE) to 19.3 mV(vs. SCE). The decrement of b a showed that the increase in temperature lowered the anodic reaction resistance, and thus accelerated anodic dissolution. Apparently, the increase in temperature significantly activated the 3003 aluminum. b c decreased from À317 mV(vs. SCE) to À656 mV(vs. SCE) and then increased to À287 mV(vs. SCE). It indicated that the cathodic reaction was accelerated with temperature rising until temperature was up to 60°C. And when temperature was higher than 60°C, the cathodic reaction rate slowed down.
With the increase of temperature, the anodic reaction rate of 3003 aluminum was accelerated while the cathodic reaction rate increased at first then decreased, which indicated that the corrosion mechanism of 3003 aluminum would be changed at higher temperature.
The effect of temperature on corrosion reaction basically complies with the Arrhenius equation:
where k is reaction speed constant, A pre-exponential factor, E a apparent activation energy, R molar gas constant and T thermodynamic temperature. k determines the inherent reaction speed of a reaction. It can be seen from the Arrhenius equation, in the premise that E a remains unchanged and temperature range is limited, the reaction speed constant increases with the increase of temperature, and so is the reaction speed. The corrosion-related interfacial reaction process is accelerated with the elevated temperature. Moreover, an elevated temperature lowers the reaction activation energy at the same time. The anodic reaction, dissolution of aluminum tends to be easier to occur, and so does the cathodic reaction. Both the anodic and cathodic reaction accelerated due to the elevated temperature. Therefore, the anodic and the cathodic current density increase with the increasing temperature to a certain extent. Thus, the corrosion reaction rate is accelerated which is identified by i corr .
On the other hand, the cathodic reaction is a purely diffusion-controlled process within a certain potential region in aerated ethylene glycol-water solution. 35, 36 It is dominated by the diffusion and the reduction of dissolved oxygen. With temperature rising, the coefficient of diffusion oxygen molecules increases and the viscosity of ethylene glycol would decrease, 37 which resulted in the acceleration of oxygen diffusion and thus the increase of cathodic reductive current density. However, as the temperature of solution kept growing, the solubility of oxygen decreased, thus the concentration of dissolved oxygen decreased. There was not sufficient oxygen for cathodic reduction reaction. The decrease of the content of oxygen weakens the cathodic reaction, leading to the decrement of cathodic current density and the increase of b c , as shown in Fig. 2 and Table 1 . Here, the electrochemical dissolution of 3003 aluminum alloy is limited by the cathodic reduction of oxygen with diffusion control. The cathodic reaction rate of 3003 aluminum alloy rose to the maximum at 60°C.
As the cathodic reaction went, the dissolved oxygen reacted and the oxidation of aluminum electrode persisted. As the content of dissolved oxygen became less and less, the reduction of ethylene glycol or water which refers to the curve at potentials Figure 9 Pit depth at different temperatures.
Effect of temperature on corrosion behavior of 3003 aluminum alloy in ethylene glycol-water solutionmore negative than the knee point in Fig. 3 , became prominent. The reduction of ethylene glycol and water was enhanced by the increasing temperature, since its reaction active energy was lower and its reaction speed constant was larger at higher temperature. As a result, the cathodic current density increased with the rising temperature monotonously. The knee point shifting positively as temperature increased provided evidence for the less content of oxygen at higher temperature.
Effect of temperature on EIS plots
To further determine the electrochemical corrosion mechanism of aluminum alloy in ethylene glycol-water solution at different temperatures, EIS measurements and analyses were performed (see Fig. 4 ). The observed ''diffusive tail" in the low frequency range at lower temperature represents the Warburg impedance and is the typical characteristic of the corrosion process where diffusion of oxygen is involved. 38, 39 It indicates that mass-transfer step plays an important role in electrode process. The diffusive Warburg impedance tended to diminish with the increasing temperature. When temperature was higher than 60°C, the Warburg impedance characteristics almost disappeared. This provides evidence to demonstrate that the corrosion mechanism of 3003 aluminum is already changed with the increase of temperature. Technically, the slopes of diffusive tails are not strict 45°, which is because of the intermediate reaction during corrosion parallel to the oxygen diffusion 34, 35 or the non-stationary conditions under measurement. 40 The electrochemical equivalent circuit shown in Fig. 10 was used for fitting EIS data with diffusive impedance. To simulate the ''dispersion effect" and compensate for the electrode nonhomogeneity such as the rough electrode surface, a constant phase element (CPE) is used in the circuit to replace the ideal double-layer capacitance. A CPE's impedance (Z CPE ) is given by
where x is angular frequency and Y 0 constant. n is the frequency dispersion factor, which varies from 1 to 0 generally. When n ¼ 1, CPE can be considered an ideal capacitance; when n ¼ 0, it is a resistance. 41 Simulations by means of the circuit provide a good agreement with the experimental data at different temperatures. Fig. 11 shows a typical example to compare the fitted results with the experimental data by both Bode and phase angle diagrams, where R s is solution resistance, CPE constant phase element, R ct charge-transfer resistance and W Warburg impedance. It is seen that the selected equivalent circuit models fit the experimental data very well. The values of the fitted equivalent circuit elements are listed in Table 3 .
In the Nyquist diagram, charge transfer resistance (R ct ) is a characteristic quantity for an electrode reaction and has a critical influence on the inherent speed of interfacial charge transfer reaction. 38, 42 The value of R ct , shown as Table 3 , basically decreases with the elevated temperature, indicating an enhanced destabilization of electrode upon the increase of temperature. It is attributed to the enhanced oxygen diffusion and aluminum oxidation. The value of Warburg impedance ), the content of intermediate products adsorbing in aluminum-alcohol film is significant. Therefore, the observed reversed semicircle mainly results from the absorption of intermediate corrosion product on electrode. Equivalent circuits used in calculating the impedance of electrochemical adsorption systems are better to be negative capacitance. The existing devices designed for impedance optimization lack equivalent circuits involving the negative capacitance, thus the equivalent circuit for impedance including reversed semicircle is not given. 45 Aluminum corrosion reaction is mixed-controlled by activation step and mass-transfer step through the anodic film in ethylene glycol-water solution. 44 As temperature rose, the diffusive impedance feature faded away. Therefore, mass-transfer step became less dominant in the electrode reaction process, resulting in the change of Nyquist diagram and electrochemical equivalent circuit.
Surface morphology
According to the surface characterization, after the potentiodynamic measurements the aluminum electrode suffered pitting corrosion. Pit nucleation was associated with the active points and the local dissolution of aluminum alloy substrate around the secondary phase particles. The stretched second phase particles are primarily intermetallics rich in copper and manganese. Corrosion is known to initiate preferentially at the particle-matrix interface. 43 There actually existing an effect which is called micro-galvanic coupling between secondary phase particles and the aluminum matrix resulting in preferential dissolution of aluminum alloy. 3, 43 Intermetallic particles acted as local cathodes in the corrosion process. Pits formed when aluminum dissolved and intermetallic particles detached from the aluminum matrix. At higher temperature, aluminum alloy substrate had a higher dissolution activity, the active dissolution of aluminum was enhanced and the dissolved area of aluminum was larger. The micro-galvanic coupling effect was enhanced. The dissolution of aluminum alloy expanded both horizontally and vertically (see Figs. 7 and 9 ). The adjacent pits converged to form a larger pit, which would cause the decrement of the amount of pits under different temperatures. As a consequence, the size of pit was enlarged and the aluminum electrode had a trend of uniform corrosion.
It is commonly acknowledged that the corrosion of aluminum under certain environment is determined by the specific corrosion process. 41 In the solution of ethylene glycol-water containing 0:1 mol Á L À1 NaCl, the elevated temperature can affect the corrosion process mainly from two aspects: one is that it accelerates the electrochemical reaction (both anodic and cathodic) and determines the diffusion process of reaction species towards the reaction sites; the other is that it affects the size and expansion of pits. Larger and deeper pits are formed at higher temperature, and a trend of uniform corrosion is presented.
Conclusions
(1) An increase of experimental temperature would accelerate the 3003 aluminum alloy corrosion rate in ethylene glycol-water solution containing 0:1 mol Á L À1 NaCl. The dissolution of aluminum shows a feature of accelerated with the rise of temperature. The elevated temperature enhances the diffusion of oxygen and accelerated cathodic reaction rate. However, as temperature kept rises, the solubility and concentration of oxygen decrease, resulting in the inhibition of cathodic reaction. The cathodic reaction rate of 3003 aluminum alloy rises to the maximum at 60°C. Overall, the elevated temperature accelerates the anodic and cathodic reaction speed and facilitates the corrosion reaction to a certain extent.
(2) On the other hand, with the increase in temperature, the Warburg impedance in Nyquist diagram diminishes and a reversed semicircle caused by the absorption of intermediate corrosion product on electrode emerges. The mass-transfer step of corrosion becomes less dominant in the electrode reaction process. (3) After potentiodynamic measurements, 3003 aluminum alloy suffers pitting corrosion. At higher temperature, the micro-galvanic coupling effect between secondary phase particles and the aluminum matrix is enhanced. The adjacent pits converge to form a larger pit, thus the active dissolution of aluminum is enhanced and the dissolved area of aluminum is larger. The pit corrosion process is promoted by both horizontal and vertical expansion of pit.
